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ABSTRACT 
One hundred and nine BAC clones, representing 0.066% 
of the hexaploid wheat genome, were sequenced and 
annotated for gene content.  Annotation was done 
manually or by manual curation of the output of the 
automated DAWG-PAWS annotation pipeline.  Gene 
numbers were affected by subjective decisions taken by 
the annotators and also by sample size.  A simulation 
study revealed that extrapolation of gene numbers for 
the entire wheat genome from less than 1 Mb of DNA 
led to estimates that could vary by more than 7-fold.  
The variation decreased with increasing sample size, but 
remained at 20% of the mean for our sample size of 109 
BAC clones, corresponding to 11.1 Mb.  A conservative 
estimate is that the wheat genome contains between 
164,000 and 334,000 protein-encoding genes, including 
pseudogenes.   
INTRODUCTION 
Milestones in the genetic and genomic analyses of wheat 
over the past 20 years include the construction of genetic 
and deletion maps (e.g. Gale et al. 1995; Mickelson-
Young et al. 1995; Nelson et al. 1995), the identification 
of comparative relationships with rice and other grass 
species (Kurata et al. 1994; Van Deynze et al. 1995; La 
Rota and Sorrells 2004), the development of some one 
million expressed sequenced tags (ESTs) (Lazo et al. 
2004), the large scale mapping of these ESTs on the 
deletion maps which led to insights into the structure and 
evolution of the wheat genome (Qi et al. 2004), the 
construction of BAC libraries for the diploid (Lijavetzky 
et al. 1999; Moullet et al. 1999), tetraploid (Cenci et al. 
2003) and hexaploid wheat genomes (Allouis et al. 
2003) which heralded the start of map-based cloning in 
wheat, and the targeted sequencing of BACs or small 
contigs (e.g. Wicker et al. 2001; SanMiguel et al. 2002; 
Griffiths et al. 2006) which provided the first detailed 
information on the organization of genes in the wheat 
genome.  The next big targets in wheat genomics are the 
construction of wheat physical maps, sequencing of the 
wheat genome, and the development of functional 
genomics tools.  The ultimate goal is to understand the 
function of all genes in the wheat genome so that 
targeted improvement of wheat can be achieved in a 
highly efficient manner.   
Gene numbers in different plant species are not expected 
to vary greatly.  In Arabidopsis, 27,235 protein-encoding 
genes have been annotated (The Arabidopsis Genome 
Initiative 2000; http://www.arabidopsis.org/).  In rice, 
the latest estimate places the number of genes around 
32,000 (The Rice Annotation Project 2007).  In maize, 
an ancient tetraploid, gene numbers are expected to be in 
the range of 37,000 to 63,000 (Haberer et al. 2005; Liu 
et al. 2007).  However, early estimates of the number of 
genes present in the hexaploid wheat genome varied 
from being in line with the expectations to being nearly 
three times as high.  Annotation of BAC end-sequences 
for genes and extrapolation to the entire genome 
suggested that there are 108,000 genes in the hexaploid 
wheat genome (Paux et al. 2006).  In stark contrast, 
sample sequencing of a shot-gun library of hexaploid 
wheat DNA led to a prediction of around 295,900 genes 
(Rabinowicz et al. 2005).  It is common knowledge that 
gene numbers, at least in early annotation efforts and 
particularly in large genomes, tend to be highly inflated 
because gene fragments and transposable elements are 
often mis-annotated as genes (Bennetzen et al. 2004).  
However, reannotation of the Rabinowicz et al. (2005) 
dataset by Paux et al. (2006) resulted in similar gene 
numbers.  The discrepancy between both studies in the 
number of genes estimated to be present in the wheat 
genome thus appears to be the result of inherent 
differences in the data set rather than in the method of 
annotation.  We will present a new estimate of the total 
gene number in hexaploid wheat, based on the 
annotation of 11.1 Mb of DNA sequence from the 
Chinese Spring wheat genome. 
MATERIALS AND METHODS 
BAC selection and sequencing 
One hundred and nine BACs were selected randomly 
from among the 1,200,000 clones in the Chinese Spring 
BAC library (Allouis et al. 2003).  Preparation of 
shotgun libraries, sequencing of 576 to 768 subclones 
for each BAC, base calling and sequence assembly were 
performed as previously described (Devos et al. 2005).   
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BAC annotation for genes 
Two different methods were used for annotation.  
Seventy BAC clones were annotated manually and 67 
clones, 29 of which had been manually annotated, were 
run through the DAWG-PAWS (Distributed Annotation 
Working Group – Pipeline to Annotate Wheat 
Sequences) wheat annotation pipeline 
(http://dawgpaws.sourceforge.net), followed by manual 
curation.   
 
The first step in the manual annotation was to use the 
gene prediction program FGENESH with the monocot 
training set (www.softberry.com) to identify putative 
genes.  Gene structures were then subjected to BLASTN 
searches against the Triticeae Repeat database (TREP) 
(http://wheat.pw.usda.gov/ITMI/Repeats/) and the TIGR 
Gramineae repeat database 
(http://www.tigr.org//tdb/e2k1/plant.repeats/).  Predicted 
genes that did not match transposable elements were 
subjected to BLASTX searches against the ‘nr Peptide 
Sequence Section’ of GenBank.  Only sequences that 
showed homology at an E-value of <E-10 to genes or 
ESTs derived from species belonging to genera other 
than Triticum and Aegilops were considered true genes.   
 
The DAWG-PAWS pipeline conducts de novo gene 
prediction and annotation of transposable elements, and 
homology-based searches at both the DNA and protein 
level against a variety of repeat, EST, gene indices and 
protein databases.  The DAWG-PAWS output of the 67 
clones was visualized in the Apollo Genome Annotation 
Curation Tool (Lewis et al. 2002; 
http://apollo.berkeleybop.org/current/index.html) and 
used to manually identify genes.   
 
Effect of sample size on gene estimations 
To establish the amount of DNA that needs to be 
annotated to reliably extrapolate gene estimates for the 
entire wheat genome, the 109 BAC clones annotated 
were resampled with replacement, and gene numbers 
from random selections of 5, 10, 15, etc. BAC clones 
were extrapolated to the 16,800 Mb wheat genome.  
Where the number of genes annotated differed between 
two annotation methods, gene numbers were averaged 
over the two methods.  To establish 95% confidence 
intervals of the means, the sampling was repeated 1000 
times.   
RESULTS 
Manual gene annotation 
The gene prediction software FGENESH identified 
1,378 gene structures in ~7.3 Mb of genomic DNA, 
corresponding to 70 randomly selected BAC clones.  
BLAST analyses demonstrated that 71.8% of the 
predicted genes had homology to transposable elements 
in the TREP and/or Gramineae repeat database. The 
remaining 28.2% of the sequences did not have 
significant homology to known repeats.  Some 50% of 
these displayed homology with wheat ESTs. A 
BLASTX search against GenBank proteins, however, 
identified only 84 sequences (6.1% of the predicted 
genes) that had homology at the E-10 value with 
functional or hypothetical proteins in species other than 
wheat or its close relatives.  These sequences were 
considered true genes.   
 
Annotation using the DAWG-PAWS pipeline 
Annotation of 67 BAC clones, totalling ~6.6 Mb of 
DNA, led to the identification of 103 genes.  Criteria for 
what constitutes a gene comprised identification by a 
gene prediction program, lack of homology to known 
repeats, and homology to Arabidopsis, rice or other 
grass proteins. Twenty-eight of the DAWG-PAWS 
annotated BAC clones had also been annotated 
manually.  A total of 24 and 33 genes were annotated 
manually and using the DAWG-PAWS pipeline, 
respectively, on these 28 BAC clones.   
 
“Gene-free” BACs 
Of these 109 BACs, 31 (28%) were annotated as lacking 
any genes.  Not surprisingly, the percentage of these 
gene-free BACs was higher (31%) among those with 
inserts smaller than 100 kb than it was (25%) among 
those with inserts of 100 kb or more. 
 
Reliability of gene number estimates 
Simulations of the effect of sample size on total gene 
number estimates were done for BAC samples 
representing from 0.003% to 0.066% of the hexaploid 
wheat genome.  The average gene number estimated for 
each sample size, the 95% confidence intervals on the 
means and 5% error on the means are shown in Figure 1. 
DISCUSSION 
Estimating gene numbers in complex plant genomes 
The most significant problem in assessing gene content 
in plant genomes is the common mis-annotation of 
transposable element (TE) encoded proteins as true plant 
genes (Bennetzen et al. 2004). Because most or all TEs 
are expressed in at least some tissue under some 
treatments, presence of homology in an EST library is 
not proof that a sequence is a true gene (Bennetzen et al. 
2004).  Since only a limited amount of wheat repeats 
have been annotated, a sequence that shows good 
homology to a wheat EST and no homology to a known 
repeat may still represent a TE.  In addition, many TEs 
exist in low copy numbers in any given genome, so a 
lack of a high copy number is also not sufficient proof 
that a particular open reading frame is a real gene.  
However, TEs tend to evolve more rapidly than the 
standard genes in all studied genomes, so good 
conservation of a DNA sequence across distantly related 
taxa is a useful criterion to distinguish between 
candidate genes with true selected function and TE-
encoded genes.  This approach is not without its own 
limitations, though, because it would miss those rare 
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genes that are truly novel to a particular lineage and 
would also still annotate highly conserved (e.g., possibly 
recent horizontally transferred) TEs as genes. 
 
Annotation of genes within individual sequence reads is 
particularly fraught with potential errors.  In 
reconstructions with ABI-3730 reads inside known 
Arabidopsis genes, only about two thirds were 
convincingly identified (Liu and Bennetzen, 2008).  
Even more problematic is the greater likelihood of mis-
identifying TE-encoded genes as true plant genes 
because the homology criteria are dropped to the lower 
level needed to find real genes in a single strand 
sequence that is generally less than 1.5 kb in length.  
Depending on the thresholds set by the investigators, and 
there are no agreed-upon criteria in this field, gene 
number prediction from single shotgun sequence reads 
of unassembled data is expected to be widely variable 
and wildly inaccurate.   Hence, gene number predictions 
should be most accurate from assembled sequence like 
those from BACs or BAC contigs. 
 
Gene distribution 
From earlier research in which markers were localized to 
cytogenetically-characterized deletion stocks, it was 
predicted that about 71% of the hexaploid wheat genome 
is largely or completely lacking in genes (Erayman et al. 
2004).  Assuming that the inserts in the Chinese Spring 
BAC library contain a fairly random representation of 
this hexaploid wheat genome, our annotation techniques 
indicate that only about 28% of BACs are “gene-free”.  
Taking into account that there will be errors associated 
with the size of the deletions, and that annotation criteria 
might differ in the two studies, the fact that only 28% of 
BAC clones annotated within our study contain no genes 
and a further 28% of BAC clones contain only a single 
gene, indicates that gene densities in the wheat genome 
are much lower than previously predicted.    
 
Predicted numbers of protein-coding genes in the 
hexaploid wheat genome 
Manual annotation of ~7.3 Mb of wheat DNA suggests 
that the entire bread wheat genome contains ~193,000 
genes.  Automated annotation of ~6.6 Mb of DNA 
sequence, followed by manual curation of the DAWG-
PAWS pipeline output, led to an estimate of ~262,000 
genes. To assess whether the discrepancy in gene 
number is related to the annotation method, 28 BAC 
clones were annotated using both methods.  Although 
the same criteria for identifying true genes were used by 
both the manual annotator and the curator of the 
DAWG-PAWS output, the same number of genes was 
identified on only 54% of the BAC clones.  Manual 
curation of the annotation pipeline output led to higher 
and lower gene numbers in 32% and 14% of the BAC 
clones, respectively, compared to entirely manual 
annotation.  Some of these differences may be due to the 
fact that the manual annotation was done before a 
comprehensive assembly of the DNA sequence had been 
carried out, while automated annotation was done on 
largely Phase II sequence.  Also, manual and automated 
blast searches were in some cases done against different 
database releases and the automated annotation was, of 
course, more comprehensive than the manual annotation. 
Possibly more common than differences in the results of 
the sequence analyses, however, are differences in the 
way these results are interpreted by the annotator with 
respect to what constitutes a true gene.    
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Fig. 1. Simulation of the effect of sample size on gene number 
estimates.  Diamonds show average gene numbers, based on 
1000 random samplings.  The vertical bars that extend above 
and below the diamonds indicate 95% confidence intervals.  
Small horizontal lines above and below the means indicate 5% 
variation from the mean. 
 
Extrapolations from the number of genes identified in 
the 28 BAC clones that were both manually and pipeline 
annotated indicated that the wheat genome comprised 
144,000 and 198,000 genes, respectively.  These 
estimates were considerably lower than the 193,000 and 
262,000 genes obtained after annotation of 70 and 67 
BAC clones, respectively, using these same methods.  
This raised the question of whether there is minimum 
amount of sequence that needs to be analyzed to obtain 
reliable total gene number estimates.  A simulation of 
the effect of sample size showed that estimated gene 
numbers could vary more than 7-fold, depending on the 
sample, if only 0.5 Mb of sequence data, corresponding 
to 0.003% of the wheat genome, were annotated (Fig.1).  
The sampling effect decreased, at first quickly and then 
gradually, with increasing sample size.  However, even 
with our sample size of 109 BAC clones, estimates (95% 
confidence intervals) ranged from 195,000 to 288,000 
genes and differed from the mean by as much as 20% 
(Fig.1).  This suggested that 11.1 Mb of DNA sequence 
is too small of a data set to obtain a reliable gene 
estimate for the entire wheat genome.   
 
Previous estimates for the gene number in wheat varied 
from 108,000 (Paux et al. 2006) to 296,000 (Rabinowicz 
et al. 2005).  Considering the large effect of sample size, 
it is important to infer the error rate associated with 
these estimates and to establish whether these estimates 
are significantly different from our projected gene 
numbers.  The whole-genome shotgun sequence data set 
from Rabinowicz and colleagues consisted of only 0.81 
Mb, corresponding to 0.005 % of the wheat genome.  
This is the range in which gene estimates vary greatly 
depending on the sample analyzed (Fig.1).  In our 
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analysis, gene numbers ranged from less than 100,000 to 
more than 400,000 when extrapolations were done from 
less than 1 Mb of sequence.  The gene estimate obtained 
by Rabinowicz et al. (2005) may therefore not be 
significantly different from that obtained by Paux et al. 
(2006).  The sample analyzed by Paux and colleagues 
consisted of 11 Mb of BAC-end sequence.  While 11 Mb 
is also insufficient to give a precise tally of the number 
of genes present in the entire wheat genome, the 
sampling error associated with this sample size is 
expected to be around 20% of the mean (Fig.1).  If we 
assume that 108,000 is at the low end of the range, gene 
numbers based on the annotation of 11 Mb of DNA 
sequence might be as high as 150,000.  This figure is 
significantly lower than the minimum number of 
195,000 estimated in our study.  In neither the Paux et 
al. (2006) study nor in our study was a differentiation 
was made between functional genes and pseudogenes.  
The use of different annotation criteria might be one 
possible explanation for the discrepancy in predicted 
gene numbers in the two studies.  As described above, it 
is also possible that to the difficulty in identifying genes 
in 700 bp BAC-end sequence reads, compared to the 
longer contiguous stretches present in BAC sequence 
assemblies, might be the reason for the low gene number 
estimate published in Paux et al. (2006).   
 
In conclusion, the jury is still out on the total number of 
genes that are present in the hexaploid wheat genome.  
Annotation criteria, interpretation of these criteria by the 
annotator, sample type, and sample size are all likely to 
affect gene number estimations.  A conservative 
estimate based on the annotation of 11.1 Mb of sequence 
from randomly selected BAC clones, and taking into 
account the fact that gene numbers varied by as much as 
32% when the same sequence was annotated by different 
people, is that the wheat genome contains between 
164,000 and 334,000 protein-encoding genes.  Because 
we have not yet applied criteria to determine what 
portion of these candidate genes might be pseudogenes, 
it is currently not clear whether wheat actually contains 
the exceptionally high gene number (55,000 to 111,000) 
per diploid genome suggested by these studies.      
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